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A PEYSICS-BASED HETEROJUNCTION BIPOLAR TRANSISBSTOR

MODEL FOR INTEGRATED CIRCUIT SIMULATION

1. 1Introduction

The purpose of this research effort was to derive a physics—-based dc
model for a Heterojunction Bipolar Transistor (HBT). The dc model was
then linearized to arrive at a small-signal model that accurately predicts
the device'’s electrical behavior at microwave frequencies. This new model
offers features not found in previous analytical or physics-based HBT
models such as consideration of a cylindrical emitter-base geometry and is
direct implemention into SPICE (Simulation Program with Integrated Circuit
Emphasis). The device model parameters were determined from a knowledge
of the device material, geometry, and fabrication process. The model wvas
then developed by using semiconductor physics to calculate modified

parameters for the existing SPICE bipolar junction transistor (BJT) model.

1.1 Background

The design and fabrication of HBTs have received increased attention
in recent years. This attention is due primarily to the significantly
greater performance potential that can be obtained from HBTs compared to
the performance of traditional BJTs [1,2,3]. The most technologically
mature HBTs are fabricated with Al,Ga; ,As/GaAs [4,5,6,7], although many
other I1II-V compounds have been used (8,9,10,11]). Devices based on these
II1-V compounds as well as Si/Si,.,/Ge, devices [12], are distinguished
from homojunction devices by a wide energy bandgap emitter relative to the
base. Both BJTs and HBTs are junction transistors typically fabricated

with an n-type emitter and collector, and a p—type base. A representative




layer structure, doping concentration and energy bandgap diagram for an
npn BJT are shown in Figs. 1.1 - 1.3. The corresponding diagrams for an
Npn HBT are shown in Figs. 1.4 - 1.6. The capital "N" denotes a wide-gap
material.

BJTs are typically lateral or planar in structure, while HBTs are
vertical devices, as seen in Figs. 1.1 and 1.4, respectively. Fig. 1.6
shows the energy band diagram for an Al,Ga ;. As emitter / GaAs base Np
heterojunction. The most important feature of the heterojunction is that
it provides a larger barrier for holes attempting to move from the base to
the emitter than for electrons moving from the emitter to the base.
Consequently, the base of an HBT may be doped more heavily than the
emitter without sacrificing transistor efficiency. This new design
freedom is a direct result of the band gap difference and allows for
previously unobtainable device figure of merit improvements [17,18]). Most
notably, HBTs can be operated at higher speeds and with greater
efficiency. However, the trend toward optimizing device performance
requires a pattern for predicéing device behavior.

The HBT is a relatively new device. Although HBTs were
conceptualized by W. Shockley in 1948 [19], the first HBT was not
fabricated until 1972 [20]. However, practical HBTs did not evolve until
the advent of Molecular Beam Epitaxy (MBE). MBE provided high crystalline
purity semiconductors, and the strict control over epitaxial layer
thickness and doping necessary for realizing the HBT’'s theoretical
performance potential.

Simulation is critical to furthering device technology, because it
provides device and integrated circuit design feedback. The purpose of

simulation is to accurately predict the electrical performance of either
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an individual device design or a collection of devices connected to
accomplish a specific function. The ability to simulate actual device
performance requires a model. The bipolar transistor model can be
represented as either a large (dc) or small-signal (microwave) equivalent
circuit, as shown in Figs. 1.7 and 1.8. Figure 1.7 represents the SPICE
large-signal equivalent circuit where:
Cge is the total base—emitter capacitance;
Cgc is the total base-collector capacitance;
Ry, Rc, and Ry are the base, collector and emitter series resistances
respectively;
Iy and I; are the current sources representing the current into the
base and collector terminals respectively;
Vg-gr and Vg are the internal junction voltages.
Figure 1.8 represents the small-signal hybrid-s equivalent circuit where:
Cx is the total base-emitter capacitance;

C, is the total base-collector capacitance;

b

Ex 1s the dynamic base-emitter junction conductance;

g, is the dynamic base—collector junction conductance;

Bo is the transistor common-emitter output conductance;

gn is the transconductance;

vgrgr and vp o are the internal small-signal junction voltages.
The model topologies, like those shown in Figs. 1.7 and 1.8, along with
their equivalent circuit element values, fully describe actual device
electrical behavior.

The goal of any physics-based model is to be as accurate and as

simple as possible while relating device material and geometry parameters

to equivalent circuit element values. Typically, the first step in
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generating a model is to perform on-wafer device measurements. The
measurements for large~signal characterization are dc I-V curves and
Gummel plots (log Ic and log Ip versus Vp). The measurements for ac
small-signal characterization are high frequency scattering (S)-
parameters. S—-parameters are ideally suited for microwave analysis
because the impedance matching technique used in S—parameter measurements
is accurate over a wide frequency range. Measuring current or voltage
waveforms at gigahertz frequencies is difficult because signal amplitudes
vary with position along the test line, and because open and short
circuits are frequency dependent.

Once the measurements have been made, they must be related to the
particular equivalent circuit chosen as the model, or the corresponding
equations, through a parameter extraction process. There are basically
three forms of parameter extraction: graphical, analytical, and
numerical [22]. Often, portions of all three methods must be used to
arrive at physically real parameters. The unknown parameters for which
one must solve are the equivalent circuit element values or variables in
the equations that define the equivalent circuit elements. There are many
parameter extraction techniques with varying degrees of complexity. In
and of itself, model generated data that are in good agreement with
measured data are not a sufficient criteria for successful physical
parameter extraction. Numerical optimization can easily produce a set of
equivalent circuit element values to fit the measured data accurately;
however, the optimization routine is merely curve fitting and may generate
non-physical parameters or non-unique solutions. Therefore, constraining
certain parameters within a specified value or implementing an independent

extraction technique is necessary.
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1.2 Problem Statement

Many large and small-signal HBT models are empirically derived
following the previous procedure. Devices are fabricated, data are
measured, and model parameters are extracted by curve fitting to a known
circuit topology. Curve~fit or empirical model parameters do not have any
physical meaning and would require each new design to be fabricated at
considerable time and expense prior to simulation. Fabricating a device
as a prerequisite to modeling is essentially reverse engineering and
defeats the purpose of a physical model: to predict the electrical
performance before the device is fabricated. A physics-based dc/microwave
model is needed.

A physical model's parameters are directly related to the device
material, geometry, and fabrication process. The solutions to
semiconductor physics equations provide both the large and small-signal
equivalent circuit parameters. In this thes’s, a methodology to determine
HBT model parameter values for the existing HSPICE BJT topology is
developed. The result is simple physics-based dc and small-signal HBT
models that accurately predict dc through microwave device performance.
The physical nature of the model provides insight into optimization of new
device designs, because simulation is possible as soon as new designs are
envisioned.

Wright Laboratory, Solid State Electronics Directorate, Research
Division (WL/ELR), is conducting a program to develop GaAs-based HBTs for
microwave applications. This program has made several advances in
developing and maturing HBT technology. The devices fabricated by WL/ELR

are unique because of their cylindrical emitter-base geometry. Currently,




WL/ELR does not have a model that accurately describes the devices they

have fabricated.

1.3 Summary of Current Knowledge

Several authors have proposed HBT models within the past few years.
These models represent a variety of techniques for both large and small-
signal equivalent circuits.

1.3.1 Large-8ignal Modeling. B. Ryum and I. Abdel-Motaleb [23)
derived a physics-based analytical HBT model. Using semiconductor
physics, expressions for each of the terminal currents (Ig, Ig, and I;) are
analytically determined. Included in the equation for Iz are the neutral
base, the emitter-base space charge region (SCR), the emitter-base
heterointerface, and surface recombination currents. Each current
component can be calculated from the device material, geometry, and
process parameters. Implementing the model is not simple and would
require modification of the SPICE source code. However, the article is an
excellent reference for HBT device physics.

C. Parikh and F. Lindholm [24] also derived a physics-based
analytical HBT model, Equations for the neutral base, SCR, and surface
recombination currents as well as collector hole current are determined.
These components are included in expressions for the I; and Iy terminal
currents where most parameters can be found from knowledge of the device
material, fabrication process, and geometry. This model is similar to
Ryum and Abdel-Motaleb'’s, and would also require modification of the SPICE
source code.

A detailed physics-based large-signal HBT model was presented by

P. Grossman and J. Choma ([25]. The authors remark that the central
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problem with HBT simulation {s accounting for SCR and surface
recombination. The model topology presented by Grossman and Choma is the
most comprehensive physics~based model reviewed in this thesis. Empirical
and analytical relations are used to determine element values. The
authors present a simplification of their model that may be implemented in
SPICE along with the SPICE parameters calculated from their specific
process and geometry.

M. Hafizi, C. Crowell, and M. Grupen {26] also provided a list of
SPICE model parameters. However, each of their model parameters was
calculated with an iterative least square curve fit of measured data.
Once extracted, the parameters were entered in SPICE and excellent
agreement was obtained between SPICE calculations and measured data. This
work is a good example of numerical parameter extraction from measured I-V
characteristics, once a model topology is assumed.

J. Liou and J. Yuan [27) derived a physics-based analytical HBT
model stressing that only device material, geometry, and process
parameters were required to characterize their model. Their approach is
slightly less analytically intensive than that of Ryum and
Abdel-Motaleb [23], or Parikh and Lindholm [24]. The equations they
include for series resistances are oversimplified for most HBT structures.
No SPICE parameters are provided, though the authors state their model can

be readily implemented in SPICE.

1.3.2 8:%ll-8ignal Modeling. Due to their linear operation,

small-signal equivalent circuits are generally simpler than their large-
signal counterparts. However, their analysis is often more complex,

because at higher frequencies one must contend with extrinsic device
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parasitic capacitances and inductances. One simple approach, reported by
D. Pehlke and D. Pavlidis (28], measures device S-parameters and
analytically calculates the equivalent circuit element values.
Equivalent circuit parameters are extracted by converting the S—-parameters
to H-parameters and solving for resistor, capacitor, and inductor element
values with impedance equations.

Another approach, by S. Maas and D. Tait [29], measured S-
parameters, and analytically calculated emitter, base and collector
resistances. The remaining element values were determined by S—parameter
optimization. R. Trew et al. [30] have attempted to minimize the non-
unique and non-physical element values that may be obtained from S-
parameter fitting. Their method uses a constraining equation based upon
the emitter-to-collector delay time, r,., such that optimization of the S-
parameters provides pseudo-physical equivalent circuit element values.
The technique used by D. Costa et al. [31] does not require any numerical
optimization. The complexity of their equivalent circuit demands
measurement of test structures, and the use of matrix manipulation to

determine various device parasitics.

1.4 Assumptions and Scope

This thesis effort assumes Al,Ga,;.,As/GaAs HBTs and the corresponding
material parameters and expressions that are unique to Al,Ga;_,As/GaAs
semiconductors. Most HBTs are fabricated from these materials; however,
the proposed methodology is applicable to other materials if the wmaterial
constants are known. The approach further assumes the following:

i) the dc model can be represented by the dc SPICE equivalent

circuit topology of Fig. 1.7;
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ii) the microwave model can be represented by the hybrid-=
equivalent circuit topology of Fig. 1.8;

iii) carrier transport across the emitter-base hetercjunction is
characterized by the drift-diffusion model and not by thermionic emission;

iv) standard, non-degenerate Boltzmann statistics apply. (Despite
the fact that the GaAs base of a typical HBT may be degenerately doped,
this assumption is made as a starting point. If the Boltzmann
approximation is suspected to hinder model accuracy, then this assumption
can be reconsidered);

v) there is uniform doping in the wide-gap emitter, base, collector,
and subcollector regions (i.e., no built-~in drift fields).

vi) carrier mobility in AlGaAs can be sufficiently approximated by
using the empirical mobility expressions for GaAs;

vii) the base-emitter junction and contacts have a cylindrical
geometry (i.e., emitter dots as compared to the typical emitter stripes).
The proposed model will not include the effects of temperature. Some
researchers have presented electrical-thermal models [32-37]; however, the
proposed model will assume device temperature is constant at 300 K. This
assumption is generally valid for low collector current density. At high
collector current densities, a departure of the model data from the
measured data due to device self-heating is expected, and will be readily
jdentifiable. Accurate thermal modeling would have greatly increased the
difficulty of the model derivation and led to exceeding the allowed time
for thesis completion.

For simplicity, the model will be one-dimensional. Numerical
simulators often provide two and three—dimensional results. However, in

a junction transistor, all significant effects are one-dimensional; the
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remaining effects are negligible. Both the dc and microwave models will
be complete once model generated data are within * 5% of measured data.
The % 5% criterion is a reasonable objective for a physics-based model.
This metric is comparable to the performance of published physics-based
models. Model simplicity may be traded-off for model accuracy to satisfy

this criterion.

1.5 Approach
The initial objective is a simple physics-based dc HBT model. The

model’s simplicity is demonstrated through direct implementation in SPICE,
a CAD tool whose use is widespread among device and circuit engineers.

The model will be physics-based because all equivalent circuit model
parameters will be calculated using semiconductor physics and a knowledge
of:

i) material parameters and related expressions such as carrier
mobility, 1lifetime, intrinsic carrier concentration, bandgap, and
permittivity,

ii) device geometry such as junction area, configuration of contacts
and number of base fingers, and

iii) process parameters such as doping profile, Al mole fraction,
and layer thicknesses.

Solutions to the semiconductor physics equations depend on all three
types of parameters. Mathcad 3.1 [38] was used to solve the equations
determining the SPICE model parameters for the topology shown in Fig. 1.7.
These model parameters were directly included in the SPICE model statement

for the particular HBT modeled.
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WL/ELR has provided the process parameters and device geometry for
one particular HBT device on each of three wafers designated as 4490,
4491, and 4457. Obtaining complete and accurate physical information is
critical to successful model generation. Reliable material conmstants and
related expressions have been researched and consolidated from various
published sources. WL/ELR has also performed much of the data
measurements. A full set of data consists of both high-frequency
measurements and dc measurements as well as information regarding the
doping profile and device geometry. The high frequency measurements are
the device S—parameters at several dc bias points. These S—parameters
were measured from 1 to 50 GHz using a Hewlett—Packard (HP) 8510C Network
Analyzer. The dc measurements encompass forward I-V characteristics and
Gummel plots. Successful modeling of other HBT designs assists in
validating that the proposed modeling technique is valid for varlous
device geometry and process parameters.

The version of SPICE used to simulate the developed model to
generate model data is Meta-Softwave’'s HSPICE version H92 {39,40]. This
software is licensed to AFIT, and is available on the VLSI laboratory
computer network. HSPICE calculated the model’s terminal voltages and
currents, which were then saved on a disk with the measured data. Both
the measured and modeled data were then imported to a TriMetrix'’s
technical graphics and data analysis package, Axum 3.0 [41]. Several
devices from wafers 4490 and 4491 were provided by WL/ELR. An HP 4145B
Semiconductor Parameter Analyzer was used to obtain additional dc
measurements as necessary for comparison with the model. Axum was used to
plot the measured and modeled data on the same axes for visual comparison.

DC current versus voltage was plotted on linear-linear or log-linear scale
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and an analysis of each data point was performed. If the average absolute
value of the percent difference among each modeled and measured data point
over the entire range of transistor operation is within % 5%, then the
model is considered useful for device simulation, and the simple physics-
based HBT dc model problem is solved.

The dc model was then linearized to obtain the small-signal model
that is valid at microwave frequencies. Any non-linear equivalent circuit
element may be approximated with a linear element if its performance is
considered over a sufficiently small region of operation. The specific
region of operation in this case is around the dc bias point. HSPICE ac
analysis essentially linearizes the dc model, which results in the small-
signal hybrid-r equivalent circuit of Fig. 1.8.

When given the operating point, HSPICE can output the S—parameters
of the HBT model at any given frequency. S-parameters are dependent on
frequency, the intrinsic device (that is, the linearized dc model), and
the extrinsic parameters. These extrinsic parameters are parasitic
inductances and capacitances which must be calculated and incorporated
into the microwave model. Operating at dc or 1low frequency, the
parasitics are negligible. At microwave frequencies their effect becomes
significant and must be modeled. An attempt was made to characterize the
extrinsic elements using semiconductor physics and a knowledge of device
material, geometry, and fabrication process.

In addition to HSPICE, an HP 85150B Microwave and RF Design Systems
software package [42] was also used to simulate the modeled device's dc
and microwave performance. The intrinsic device parameters used in HSPICE
were imported to the HP software along with the extrinsic element values.

The modeled data were then saved to a file and plotted with the measured
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data for a visual and mathematical comparison. The parasitics were
analytically modified until the average absolute value of the percent
difference over the entire range of operation was within * 5% for both the
magnitude and angle of the complex S~parameters. As with the dc analysis,

model accuracy may be traded-off for model simplicity.

1.6 Thesis Overview

Chapter 2 discusses published HBT models in more detail stating how
each effort relates to this thesis. Chapter 3 covers the theory of large
and small-signal junction transistors relative to SPICE BJT model
parameters. In Chapter 4, the methodology of determining HBT model
parameters from a knowledge of the device material, geometry and
fabrication process is discussed. This methodology is specific to HBTs
fabricated by WL/ELRD with a cylindrical emitter-base geometry and emitter
bridge. dc and microwave modeled data are compared to measured data in
Chapter 5. Conclusions and recommendations for future work are presented

in Chapter 6.
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2. Literature Review

Understanding and appreciating the evolution of HBT device modeling
is important. A brief review of the pioneering efforts of J. Ebers and
J. Moll [43], as well as H. Gummel and H. Poon [44], which resulted in the
well known Ebers-Moll and Gummel-Poon BJT models is an excellent place to
start. Because of the simplicity and versatility of these two models, it
is not surprising to find cthat all of the reviewed HBT large-signal models
are derivatives.

The Ebers-Moll (EM) model [43] is essentially two terminal current
equations for Iy and I, which describe the large-signal behavior of the

junction transistor across all modes of operation:

Ig = Iss[ExP( qu;,'] - 1] - agleg eXX{ qu;c) - 1] 2.1
aPIls[exf{ qu;l) - 1] = I.g exl{ qu;c) - 1] (2.2)

The four unknowns Igs, Ics, ar, and ag (only three of which are independent)

Ie

represent the emitter and collector saturation current, and the common-
base forward and reverse current gain, respectively. An equivalent
circuit topology for the basic EM model is shown in Fig. 2.1. The
reciprocity theorem relates all four parameters to IS, the saturation
current common to both Igs and Ics: aplgs = agles = IS . The model’s

current sources are given by

Tec = IS[exp(—q:;'] - 1] (2.3
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Iy = IS[exp( "k";f) - 1] (2.4)

The EM model is a physical model because it is derived from the pn diode
equation and the four unknowns which are calculated from device material
and fabrication process parameters.

The Gummel-Poon (GP) model [44] improves upon the EM model by
accounting for base width modulation (the Early effect), space charge
region (SCR) recombination, emitter crowding, high-level injection and

base push-out effects. The EM equation for I, is modified to include the

factor Qp./Qs:

exp(qV"/kT)-exp(qV,c/kT) (2.5)
Qs

Tee = —15'0p,

where Qp, is the zero-bias base charge and Qg is the total base charge
comprised of Qp,, emitter and collector capacitive contributions (Qy and
Quc), as well as forward and reverse current-controlled contributions (Qg
and Qg). This "integral charge control" relationship is the major feature
of the GP model. The GP equivalent circuit model is shown in Fig. 2.2,
where 7 and 7y are the mean forward and reverse transit times of the
minority carriers in the neutral base. Twenty-one parameters are required
to fully describe the model. A minimum of five variables must be
specified, with a priori default values, to compute the full set of
parameters. All of the currents, voltages, and charges are normalized
including Qp, which becomes qg = Q3/Qg, - When qz and the idealif:y

factors are approximately unity, the GP model reduces to the EM model.
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Figure 2.1 The basic npn bipolar transistor Ebers-Moll equivalent
circuit [21:41).

Figure 2.2 An npn bipolar transistor Gummel-Poon equivalent circuit
(644:207].
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2.1 Large-Signal Modeling

2.1.1 Ryum and Abdel-Motaleb. B. Ryum and I. Abdel-Motaleb
(23] derived a physically-based analytical HBT model. Noticing that EM
models neglect surface and interface recombination, the authors developed
a GP model considering Early voltage, mobile carriers in the SCR, base-
widening effect at high current, and SCR and base recombination.
Thermionic emission is assumed to be the dominant transport mechanism of
carriers over the conduction energy band spike at the base-emitter
heterointerface. The authors’ methcdology assumes the non-degenerate
Boltzmann statistics, a uniform base, and constant quasi-fermi levels in
the SCR. After calculating the minority carrier boundary conditions, an
expression is obtained for I, the :urrent injected from the emitter to
the collector, in the form of Gummel and Poon's expression for Igc
Similar to the GP I, equation, the denominator of the resultant equation
is Qg. However, the minority carrier velocity factors are included in the
numerator. Qg is comprised of the same five components as in the GP model
and each is analytically determined. All the parameters of the resulting
equation for I, can be calculated from the device material, fabrication
process, and geometry parameters.

The authors covered recombination current in detail expressing four
components, though the derivations may be found in one of their later
publications [46]. Considered and included in the device terminal current
equations are the neutral base, the emitter-base SCR, the emitter-base
heterointerface, and the surface recombination currents. It is shown that
even for heavily doped bases, the neutral base recombination current I,
is negligible if the effective base width, Wz, is much less than the

minority electron diffusion length in the base, L.
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The model is compared to experimental data from abrupt and graded
HBTs and deviates less than 5% on the common—emitter I-V characteristics
and only 4% on the current gain. Also, comparison with a published
numerical model {47] for the common-emitter current gain, 8, and the unity
current gain, f;, yields 6.5% and 17% differences, respectively.
Furthermore, it appears the authors have used their model to gain insight
into HBT device physics because empirical device phenomena have been
modeled and their causes confirmed. Examples of such device phenomena are
increased interface recombination, lowered turn—on voltage, emitter-size
effect, and base-widening. Device design parameters and trade—offs may be
realized more easily with such a model because changes in electrical
performance due to physical changes may be plotted as quickly as the
parameter changes are entered in the software.

Ryum and Abdel-Moteleb have developed a very good physics-~based
model. Many of their semiconductor physics equations were used to develop
the models in this thesis. However, their model is not directly
implemented in SPICE because they do not calculate all of the necessary
SPICE parameters. Also, their model is meant to be used only for dc
simulations.

2.1.2 Parikh and Lindholm. C. Parikh and F. Lindholm [24]

point out that Ryum and Abdel-Motaleb’s model is valid only for low
injection and constant base doping. They discovered that the GP model is
not valid when the transistor is in saturation, and that Parikh’s and
Lindholm’s model also is not valid in saturation due to intrinsic
assumptions of charge-control models which require determination of Qp and
Qz- The model derived by Parikh and Lindholm is valid for arbitrary doping

profiles, all levels of injection, abrupt and graded junctions, as well as
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single and double-HBTs (that is, when both the base-emitter and base-
collector are heterojunctions). Their methodology was to rederive Gummel
and Poon’s charge—control relation given the new minority carrier boundary
conditions which are the result of the thermionic emission and tunneling
current mechanisms. The pn product they obtained for heterojunctions is
clearly derived and is stated in Eq. (2.6) for comparison with the

conventional homojunction pn product:

P{X,g) n(X,p) = = (Fgy/Sgy) P(X,p) + Ninexp(qVye/kT) . (2.6)

The first term on the right hand side is due to the presence of a
conduction band spike, whereas the second term is the homojunction
product. The first term is negligible for sufficiently graded
heterojunctions which results in drift-diffusion as the dominant carrier
transport mechanism.

Equation (2.7) is the major result of Parikh’s and Lindholm’'s work.
This expression for I, is different from Ryum’s and Abdel-Motaleb'’s
expression. The thermionic emission contribution is not included as
factors in the numerator but as additional Qg terms in the denominator as

given by [24]

IQXD(QV,g/kT) - exp ‘qvgc/kT) J

: 2.7
90s 1 %,p) + L2 p(x ) @-7
BN

Ioc=-@*D,niA

Xpe
qfx”pdx * 35

SCH
This technique allows for a more physical interpretation of the effect of
the heterojunction energy band spike, because a large spike will impede
the injection of electrons into the base. This effect is readily seen

from Eq. (2.7) as an increase in the denominator, thus decreasing I.-. The
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base charge given by qfp+dx is comprised of the five components identified
by Gummel and Poon [44].

Equations for the neutral base, SCR, and surface recombination
currents as well as collector hole current were determined. These
currents were used to provide expressions for the Ic and Iy terminal
currents where most parameters can be found from a knowledge of the device
material, geometry, and fabrication. The expressions derived by Parikh
and Lin olm for Iy and I, account for thermionic emission at the base-
emitter heterojunction. These expressions are different from the SPICE
equations for I and I; which will be derived in the next chapter.
Consequently, Parikh’s and Lindholm’s model (like Ryum’'s and Abdel-
Motaleb’s) is not directly implemented into SPICE, nor does it consider an
HBT's microwave performance.

2.1.3 Grossman and Oki. An alternate method was taken by
P. Grossman and A. Oki [49] to obtain a large~signal HBT model. All of
the models discussed thus far have been analytical models in which
equations describing device physics have been calculated for terminal
currents and applied to a particular model topology. Grossman and Oki
have developed an empirical model based on the GP model.

Their analysis begins with a discussion of the base current of an
HBT which they claim is dominated by either surface or SCR recombination
current as opposed to the neutral base recombination dominance seen in
homojunction transistors. The recombination currents directly affect the
current gain B of an HBT depending on which current is dominant. Because
the various components of recombination current have different kT-like

dependencies on the junction voltages, HBTs do not typically demonstrate
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a region of constant B8 as do BJTs. That is, the bias dependent

recombination currents result in a bias dependent 8.

The two main equations governing Grossman's and Oki’'s model are for
Ic and Ig which are functions of the forward and reverse Early voltages,
six different saturation current parameters, and six different ideality
factors (three each for forward and reverse bias). This dependence is a
deviation from the traditional GP charge—control relation; however, the
parameters can be related to the familiar forward and reverse Gummel
plots.

The experimental nature of this model becomes evident when the
authors determine empirical relations describing the temperature
dependence of the saturation currents and the ideality factors (such as
1n(IS) = -T,/T + 1ln(l,,) , where T, and I,, are constants). The saturation
currents and ideality factors are then extracted from measured Gummel
plots. The authors state that fitting constant slopes to measured data
which are plotted on log-log scale to extract model parameters will
produce less than 10% error. However, a numerical fit of the equations
would provide much better agreement.

This model is a good example of graphical parameter extraction
combined with detailed temperature dependence. Temperature simulation was
accomplished by electrically modeling a thermal equivalent circuit;
however, no details were provided. The results are a measured I-V
characteristic clearly showing the negative slope indicative of self
heating effects that is matched well by model data. However, the
empirical nature of the model limits its ability to be used in device

design.
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2.1.4 Grossman and Choma. A detailed physics-based large-signal
HBT model is presented by P. Grossman and J. Choma [25]. This work
identifies shortcomings in the EM and GP models with respect to HBTs and
attempts to account for the time dependence of the base, collector and
emitter charging currents. The authors remark that the central problem
with using a simple EM model for HBT simulation is not accounting for SCR
and surface recombination. The topology consisted of: 1) diodes to model
injection and recombination mechanisms, 2) resistors to model
recombination limiting mechanisms, 3) capacitors to model non-transit
related charge storage, and 4) current sources to model breakdown
mechanisms and time dependent electron collection. This is the most
comprehensive physics-based model reviewed in this thesis. The
temperature dependence is modeled with empirical relationships as in
Grossman's and Oki's model. Empirical and analytical relations are used
to determine the model'’'s element values.

Grossman and Choma also present a simplification of their model that
may be implemented in SPICE along with the process parameters. The report
states that this SPICE model accurately simulates HBT circuits operating
below 3 GHz. The authurs would like to increase the complexity of their
physically-based model as well as incorporate their complete model into
SPICE. As presented, their model does not provide details for calculating
all of the required SPICE model parameters. Additionally, the model is
only accurate up to 3 GHz and does not consider extrinsic device
parasitiecs,

2.1.5 Hafizi et al. M. Hafizi, C. Crowell, and M. Grupen [26)
also identified limitations in the EM and GP models to describe HBT
performance. Their method stresses a non-constant By due to dominant
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recombination in the emitter-base SCR, whereas the traditional EM and GP
equations derived for BJTs assume a constant B;. Therefore, the graphical
technique of Fig. 2.3 for determining EM parameters from Gummel plots
cannot be used. Existing extraction techniques rely upon a measurable
departure from the i&eal relationship (that is, exp(qVpc/NR-kT) where the
reverse ideality factor NR is nearly 1). Note that when an exponential
function is plotted on a log,, scale, a scaling factor of (logype)™? is
required. This 2.3 scaling factor is included in Fig. 2.3. Because the
HBT ideality factors NF, NE, and NC are not equal to one (due to either a
SCR or surface recombination current dominance), a numerical least square
fit procedure is implemented involving iterative matrix factorization of
measured I-V data.

These ideality factors can be seen in the extended EM model of
Fig. 2.4. The two left-most diodes have been added to the topology of
Fig. 2.1 to model the SCR recombination at low bias voltages. The
capacitors are clearly seen as the depletion (C;, and C;;) and diffusion
(C4e and Cy.) capacitances. Equations for I; and Iy are readily taken from
a simple dc nodal analysis involving the currents flowing through the
diodes and the current source.

At this point the twelve (excluding capacitances) model parameters
of Fig. 2.4 are extracted numerically, which is generally mathematically
intensive. The procedure involves fitting measured I-V data to a
linearized equation for Vpr as a function of Bp, (BF), ISE, and NE. To
be consistent with the SPICE BJT model parameters, all further reference
to the maximum common—emitter current gains, Ppp. and Bgmex, Will be denoted

by BF and BR, respectively.
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Figure 2.4 An extended EM large-signal equivalent circuit [26:2122].
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The same technique is then used to extract NF, Ry and R;. The
remaining parameters are extracted from the reverse mode operation.
Device temperature may be calculated from the ideal base—collector
exponential relationship. Diffusion and depletion capacitances were
calculated using SEDAN III as an alternative to S—parameter measurements.
SEDAN is a one—dimensional program that, when given device material and
process parameters, simultaneously solves Poisson's equation and the
current transport and continuity equations. All device measurements were
accomplished using an HP4145B semiconductor parameter analyzer and the
extraction of model parameters was completed on a desktop computer.

Once extracted, the parameters were entered into the SPICE BJT model
statement and excellent agreement was obtained between SPICE calculations
and measured data. A good example of numerical parameter extraction
directly from measured I-V characteristics is presented that is easily
implemented in SPICE due to the simple EM and GP related topology.
However, all the resulting SPICE BJT model parameters are curve fit
parameters. The model cannot be used for device design since the model
parameters are not physical and cannot be related to the device material,

geometry, or fabrication process.

2.2 Small-Signal Modeling

Due to their linear operation, small-signal equivalent circuits are
generally simpler than their large-signal counterparts. However, the
analysis is often more complex because at higher frequencies one must

contend with extrinsic device parasitic capacitances and inductances.
2.2.1 Pehlke and Pavlidis. One simple approach reported by D.

Pehlke and D. Pavlidis [28] measures device S—-parameters and analytically
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calculates the equivalent circuit element values. S—-parameters were
measured from 0.5 GHz to 25 GHz. The authors’ equivalent circuit, shown
in Fig. 2.5 is the conventional small-signal T-model. Analytical
parameter extraction was implemented by converting the S-parameters to H-
parameters and solving for resistor, capacitor, and inductor element
values with impedance equations. Unique values are extracted by
exploiting the behavior of capacitors and inductors at low and high
frequencies.

The attractiveness of this technique is its simplicity: rudimentary
equivalent circuit and no test structure measurement. The authors are
forced to perform some fitting to determine the four emitter element
parameters described by Zg; and zg, because there are four unknowns and
only two equations. Pehlke and Pavlidis have developed an efficient
technique to analytically determine small-signal equivalent circuit
element values from the measured S-parameters. However, they do not
consider parasitic capacitances, which are known to signficantly affect
the microwave performance of most HBTs. Additionally, the model they
derive is never simulated to verify that it can produce modeled S-
parameters that are in good agreement with the measured S-parameters.

2.2.2 Maas and Tait. Another approach by S. Maas and D. Tait
[29] also advises against the use of on-wafer test patterns and unbiased
or "cold" device measurements. This technique is simple and uses an
equivalent circuit (Fig. 2.6) slightly different than Pehlke's and
Pavlidis’. The focus here is to determine resistor values prior to any S-
parameter fitting routine. S-parameters are measured and Z,;, is
calculated. Z,; is then used to determine emitter, base, and collector

resistances. A conversion of the S~parameters to H;; aids in finding the
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current gain factor. Finally, the remaining element values are determined
by S-parameter optimization.

2.2.3 Trew et al. A problem with optimization or S—parameter
fitting mentioned earlier is that, unless care is taken, non—unique and
non-physical element values may be obtained. Knowing the desirability of
extracting as many parameters as possible using measurements and
calculations independent of S—parameters, R. Trew et al. [30] have found
one solution to this problem. Their method uses a constraining equation
based upon the emitter-to—collector delay time, r,.. 7, is a function of
the model’s resistive and capacitive elements. Measured H,, is used to
extrapolate fr and determine the device’'s r,,, from the relationship
Tec = (2nf7)"? . By placing an empirical constraint on r,., optimization
of the S-parameters will provide pseudo—-physical equivalent circuit
element values. The authors’ state that to match empirical data,
parasitics were added; however, no detail on parasitic calculation is
provided. Like all the other small-signal modeling techniques found in
the literatue, S-parameters must be measured before all equivalent circuit
element parameters can be extracted.

2.2.4 Costa et al. The technique used by D. Costa et al. [31]
does not require any numerical optimization, However, due to the
complexity of their equivalent circuit, measurement of three test
structures to determine various device parasitics is required. Through
multiple conversions between S, Y and Z-parameters, the parasitic elements
are subtracted, leaving the intrinsic device modeled as a hybrid-«
network. The intrinsic element values, which are directly related to Y-
parameters, are then uniquely de-embedded via more matrix manipulation.
The authors state their method is limited by the necessity for accurate
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geometrical and material parameters during parasitic extraction. The
technique of Costa et al. is one of several published techniques to

extract equivalent circuit element values from measyred S—parameter data.

2.3 Summary of Literature

Several techniques for both large and small-signal modeling of HBTs
were reviewed. Each of the large-signal models is derived from either the
EM or GP model topology and equations. Expressions for I. and Iy are
prominent in most efforts because these terminal currents are the easiest
to obtain from common-emitter I-V characteristics. The particular method
of determining expressions for I and Iy varies among researchers. The
basic approach is to find a relation describing the minority carrier
concentration at the edge of the SCR from which an expression for current
injected into the base may be obtained. Thermionic emission is well
accepted to model the dominant current flow mechanism for abrupt
heterojunctions. Drift-diffusion best models the carrier transport of
graded heterojunctions where the conduction band spike is negligible.
Alcthough empirically curve fit HBT models have been directly implemented
in SPICE, additional work is needed to develop a simple physics-based HBT
model in SPICE. Any model that derives equations for Ig and I. different
from SPICE I and I equations must be modified to be consistent with the
existing SPICE BJT model prior to SPICE implementation. The alternative
is to create a unique HBT model in SPICE by modifying the source code.
SPICE implementation is preferred due to its widespread wuse and
versatility in simulating integrated circuits.

The small-signal models have either a hybrid-x or T-model equivalent

circuit. These topologies are equivalent and each may be converted to the
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other because they are simply linearized versions of the large-signal
transistor topology. S-parameter measurements over a wide range of
frequencies are key to small-signal modeling. To better suit the
particular method used, measured S—-parameters are often converted to H, Y
and Z-parameters. Modeling the extrinsic device parasitics (and their
subsequent mathematical subtraction from the model) is a primary concern.
Costa et al. have completed the most comprehensive effort in this area but
their circuit is bulky and their procedure involved. Therein lies the
trade~off and challenge of small-signal modeling: to obtain the simplest
model that accurately describes device performance. Additionally, care
must be exercised when parameter extraction calls for fitting measured
data. Otherwise, a non-unique or non-physical circuit will be obtained.

None of the microwave HBT models found in the literature are purely
physics-based. Every technique uses some form of empirical curve fitting
to the measured S—parameters. Whether element values are optimized (curve
fit) or analytically extracted, the use of measured S-parameters
classifies the model as empirical. The more empirical a model is, the
less insight is obtained on how the device material, geometry, and
fabrication process effect the device’s electrical performance. An

accurate physics-based microwave HBT model has not yet been developed.
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3. Theory

All transistor modeling can be categorized as either large-signal or
small-signal modeling. This chapter discusses the theory of both large
and small-signal modeling with respect to modeling HBT electrical
performance. Large-signal modeling is covered by examining the physics of
junction transistors. The goal is to provide an understanding of the
physical model and the basis for each large-signal equivalent circuit
element value. The concept of linearization is discussed as the method by
which the large-signal model is transformed into a small-signal model.
The purpose of each element in the small-signal topology will be provided.
The chapter concludes by discussing the theory and importance of S-

parameters in characterizing transistors at microwave frequencies.

3.1 Physical Large-Signal Modeling

As a first step, a junction transistor can be thought of as nothing
more than two back-to-back diodes. This is essentially the physical
interpretation assumed in the classic Ebers-Moll model {43]. Each diode
physically represents either the base-emitter or base—collector junction.
Shockley’s diode equation [50], with the addition of a potentially non-

ideal emission coefficient, n, can analytically represent each diode [14]:

I=1IS exp(;‘i—VT)-ll (3.1)
D, p D n
- “pFrno n¥ipo (3.2)
I8 qA( L, + I, )
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L, = (D, 7,)*? 3.3)
L, = (D, tp)*/? 3.4)

where V is the voltage across the junction which is identical to the
external voltage applied to the terminals (V);
IS is the junction saturation current (A);
A is the area of the junction (cm?);
D, and D, are the minority hole and electron diffusivities (cm?.s7!);
Pno and n,, are the equilibrium concentrations of minority holes and
electrons (cm™);
L, and L, are the minority hole and electron diffusion lengths (cm);
7p and 1, are the lifetimes of excess minority carriers in n-material
and p-material, respectively (s).
Associated with every p-n junction diode is a SCR or depletion
region. The thickness or width of this depletion region, X, is dependent

on the voltage across the junction, V, as given by [45)]

- 2¢,( N, + Np - /2 (3.5)
X [ qg ( NN, )(Vbi V)]
_ kT N, N,
v, = _&_1,,[_;_32) (3.6)

where ¢, is the permittivity of the semiconductor, e, = ¢,¢,, (F-cm™);
N, is the dopant concentration in the p-material (cm™);
Np is the dopant concentration in the n-material (cm™d);
n; is the semiconductor’s intrinsic carrier concentration (cm™);

Vy; is the junction built-—in voltage (V).
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The exponent of ¥ in Eq. (3.5) is unique to abrupt junctions in which the
transition from n-type to p-type semiconductor occurs on the order of
several angstroms. Mathematically, the exponent, also called the junction

grading factor, results from the solution to Poisson’s equation [51:76]

dy _ -9 (3.7)
dx: e,

where ¥ is the potential function (V);

x is the distance variable (cm).

Linear or exponential grading of the junction (i.e., the dopant
concentrations are functions of X) will result in exponents as low as .
The junction grading factors are process parameters which may be defined
in SPICE. The precise growth controls available with MBE allow for very
abrupt junctions. Junctions created by Metal Organic Chemical Vapor
Deposition (MOCVD) are unintentionally graded over approximately 100 -
200 A due to the less precise layer thickness control.

In the case of an HBT, Eqs. (3.5) and (3.6) would be valid only for
the base~collector homojunction. Because all practical HBTs have an
emitter-base heterojunction, the emitter and base have different
permittivities, ez and ¢5. The E and B subscripts signify emitter and base
respectively in the following expressions for heterojunction depletion

widths on the emitter and base sides of the junction [23:873]:

. = [ 2% Na(Vei - Vg = 1.64Vy) 12 (3.8)
£ g Np (€gNg + €3N,)
N,
Xy = F:X’ (3.9
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where Vy; is the voltage applied to the base relative to the emitter
(assuming an Npn transistor), Ny and Ny are the base and emitter dopant
concentrations respectively, Vy is the thermal voltage given by kI/q and
1.64 is an empirically derived factor. The expression for determining the

built-in voltage of a heterojunction is given by [52]:

- Ny Ny - AE Ny la (3.10)
Vbi V,.ln( ni,ni.) + 'Agcl —2— + V,.ln( Nan.

where n;; is the intrinsic carrier concentration of the wide-gap emitter;

n,g is the intrinsic carrier concentration of the base;

AE; is the conduction band energy difference between the emitter and

the base;

AE is the bandgap difference between the emitter and the base;

Ngg and Ngp are the conduction band density of states in the emitter

and the base, respectively;

Ny and Ny are the valence band density of states in the emitter

and the base, respectively.
Equation (3.10) reduces to Eq. (3.6) when both the emitter and base have
the same energy bandgap.

Figure 3.1 shows the band diagrams for a homojunction and a
heterojunction at equilibrium. The homojunction is typical for the
emitter-base junction of a Si BJT where the emitter is doped more heavily
than the base; thus, there is more depletion region and band-bending in
the base. The heterojunction diagram is drawn to scale for an abrupt
Aly 35Gagy gsAs/GaAs emitter-base junction. In this case, most of the band-
bending occurs in the emitter. In both diagrams, the vertical dashed line

represents the metallurgical junction.
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Figure 3.1 Homojunction (a) and heterojunction (b) band diagrams at
equilibrium.
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While the junction is reverse-biased, minority carrier drift current
is the dominant transport mechanism across the depletion region.
Therefore, under zero-bias and reverse-bias the region can then be
considered a dielectric void of charge, which can be modeled by a
capacitance. This depletion capacitance is described by the following

expressions for a homojunction and a heterojunction, respectively,

& A
c; = 22 (3.11)
c, = Sz €A (3.12)

€xXy + €g Xy

Notice that the heterojunction expression reduces to that of the
homojunction when e = ¢p.

While the junction is forward-biased, relatively large numbers of
majority carriers diffuse across the junction and become excess minority
carriers. The excess minority carriers are stored within the neutral
regions before recombining, or in the case of the base, before diffusing
across the thin base into the collector. This charge storage effect can

be modeled by a diffusion capacitance as given by [14:96]:

Ca

A qupno qL,n v (3.13)
Vr( z " z”)exp(ﬁ)

The simplicity of the basic Ebers-Moll model can be traded-off for
more accuracy by including a depletion and diffusion capacitor for each
junction. The resulting equivalent circuit is shown in Fig. 3.2. I; and
I, have the form of Eq. (3.1) and represent the currents through the base-
collector and base-emitter junctions. C;, and C,, are the base—emitter
depletion and diffusion capacitances, whereas C;, and C,, are the base-

collector depletion and diffusion capacitances. The model's current
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Physically, I. is the net current from collector to emitter through the
transistor. Looking at Fig. 2.1, one can see that Iy 1is the current
across the base—emitter junction due to Vp. and Iy, is the current across
the base—collector junction due to Vpy. In other words, each junction acts
as a voltage controlled current source with respect to the other junction.
Icr is merely the composite current source from collector to emitter.

Another physical phenomena that is not yet considered by the model
is the voltage drop across the neutral regions. The voltage applied to
the terminals of a transistor is never the voltage seen by the respective
junctions because of series resistances. The emitter, base, and collector
resistances are dependent upon the device geometry, but can generally be
described by four components: contact resistance, bulk resistance,
spreading resistance, and lateral contact resistance. Fig. 3.3 shows the
relationship between the geometry of a rectangular finger HBT, the emitter
resistance, Ry, and the three components of base series resistance, Ry.
The figure is purely for illustrative purposes and is not drawn to scale.
Alsc, the following resistance equations are derived for a geometry with
two base fingers and two collector contacts. Because such a design is
symmetric about the emitter, only one base contact is shown.

Contact resistance occurs when a current moves normally through a
metal-semiconductor interface without spreading or changing direction in
the semiconductor. The expression for contact resistance is given by (53]

where p, is the specific contact resistance (Q-cm?);
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Figure 3.2 Ebers-Moll equivalent circuit modified to include junction
capacitances.

Collector Layer

Figure 3.3 Lateral view of an HBT showing emitter resistance, Rg, and
the three components of base resistance, Ry.
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= Pe (3.15)

A is the area of the contact, A = Syl; (cm?).
Bulk resistance occurs when current moves a length, L, normal to the
cross—sectional area, A, of a semiconductor having resistivity, p, and is

given by the classic resistance expression

Rpuss = le: (3.16)

Spreading resistance occurs when current enters a sheet region
normally and leaves in parallel. Equation (3.17) describes the base
spreading resistance of a rectangular emitter finger having a base finger

on either side [53:205]

(3.17)

L
R,,=-%.—

W=
(N1 =

where p is the resistivity of the semiconductor (fi-cm);
t is the thickness of the region through which the current
spreads (cm);
Sg is the width of the emitter finger (cm);
Lg is the length of the emitter finger (cm);
1/3 is the spreading factor;
1/2 is due to the current spreading through half of the emitter
width to get to one base contact.
Lateral contact resistance occurs when a current enters a region
beneath and parallel to the surface of the contact it flows through.
Equations (3.18) and (3.19) describe the lateral contact resistance of a

rectangular contact [53:206]
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Ry, = p,. ."_fcoth(fz) (3.18)

Ly= (_’;c)m (3.19)

where p, is the sheet resistance of the region beneath the contact (Q/0);

Lp is the contact metallization length (cm);

Sp 1s the contact metallization width (cm);

Ly is the contact characteristic length (cm).

The total emitter series resistance, Rg, of Fig. 3.3 is the sum of
the contact and bulk resistances calculated from Eqs. (3.15) and (3.16).
The base current is split evenly in half between the two base contacts due
to their symmetry about the emitter. Only one of these paths is shown in
Fig. 3.3; thus, the total base series resistance, Ry, resulting from two

identical paths in parallel, is given by

R, = ﬁLLR_;ﬂL:& (3.20)

Recombination currents, which can be significant in HBTs, are not
accounted for in the basic Ebers-Moll model. These recombination currents
are components of Iy, and are primarily the surface, SCR, and neutral base
recombination currents. A composite recombination current, which is
dependent on the junction voltage, can be modeled with a non-ideal diode.
A non-ideal diode is represented analytically by a mnon-unity emission
coefficient. To accurately model the behavior of the transistor in all
modes of operation, a recombination current diode is needed for each
junction, I; and I,. The complete large-signal equivalent circuit is shown

in Fig. 3.4, where [21]
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s Voo ) (3.21)
I, = BR fxp(lurv;) 1‘

1s| Vor ) (3.22)
I ® BF|° NF-V,) t
1, = 15clexg] V2 }- 1] (3.23)
3 | NCVy) |
1, » 15E|exy{ 22 - 1] (3.24)
‘ | NE'V,

Vp'pr and Vg are the intrinsic voltages seen by the two junctions. These
intrinsic voltages must be differentiated from the applied voltages Vg and
Vpc due to the voltage drop across the series (also called parasitic)
resistances. This circuit may be linearized to produce the small-signal
hybrid-» equivalent circuit.

Through circuit analysis, it will be shown that the topology of
Fig. 3.4 is equivalent to the SPICE circuit of Fig. 1.7. The first step
in the transformation to Fig. 1.7 is to add each pair of parallel
capacitors. The composite base—emitter capacitance, C;,+C4,, becomes Cg.
Similarly, the composite base-collector capacitance, C;.+C4., becomes Cpyc.
The intermediate circuit, redrawn to facilitate topology comparison, is
shown in Fig. 3.5.

As mentioned previously, each diode can be analytically represented
with its respective I-V expression. Composite current sources can be
obtained by combining the diode current equations. The result is the
SPICE large-signal equivalent circuit of Fig. 3.6. Expressions for Iy and
I. are identical to the equations used by SPICE to calculate the terminal
currents for any given junction voltages. Equations (3.25) and (3.26)

fully characterize the dc large-signal model in SPICE [39].
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Figure 3.5 Intermediate circuit in the derivation of the SPICE large-
signal equivalent circuit.
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Figure 3.6 Complete SPICE large-signal equivalent circuit showing
components of Ip and I..

e ol 2)- ol - o)

NFV, NRV,){  BR MRV,
-ISC[exp(;c'._'s)-ll (3.25)
T

I, - I_S[exp(_"y.) ; 1] , IS exp( Vye ) ] 1] . ISB[exp( Vow ) - 1]

BF NF-Vy BR NEV, NEV,
+ISC'exp—K'i‘i -1 (3.26)
NCV,

Having established the physical basis for the SPICE large~signal BJT
circuit, the required model parameters will be examined. Table 3-1 lists
the SPICE model parameters which must be modified to accurately
characterize an HBT. Semiconductor device physics can be used to
determine values for each parameter excluding the emission coefficients.
Because of their complex dependence on the device material, geometry, and

fabrication process, accurate values for the emission coefficients are
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Table 3-1

SPICE BJT Model Parameters [39]

Parameter | Units Description
BF - Ideal maximum forward current gain, Bppy
BR - Ideal maximum reverse current gain, Bpp.,
IS A Transport saturation current
ISE A Base-emitter leakage saturation current
IsC A Base-collector leakage saturation current
NF - Forward current emission coefficient
NR - Reverse current emission coefficient
NE - Base-emitter leakage emission coefficient
NC - Base-collector leakage emission coefficient
RE 9] Emitter resistance
RB Q Base resistance
RC Q Collector resistance
CJE F Base-emitter zero-bias depletion capacitance
cJC F Base—-collector zero-bias depletion capacitance
MJE - Base-emitter junction grading factor
MJC - Base—collector junction grading factor
VJE v Base—emitter built-in potential |
VJce \ Base—collector built-in potential
TF sec Base forward transit time
TR sec Base reverse transit time
XcJce - Fraction of base-collector depletion capacitance
internal to base
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better determined through some form of parameter extraction or curve

fitting.

3.2 Linearization

The large-signal equivalent circuit is designed to model a
transistor in all four modes of operation: cutoff, active, saturation and
inverted. The modes of operation are best described by the polarity of
the voltage that appears across each junction as seen in Fig. 3.7. The
transistor described by Fig. 3.7 is a pnp BJT where n, (p,) is the minority
electron (hole) concentration in the p (n) regions. The large-signal
model is often called a non-linear model and is primarily used for digital
applications, where the transistor acts like a switch. The "on" and "off"
states correspond to saturation and cutoff modes respectively as
illustrated in Fig. 3.8. Vg is the common-emitter configuration output
voltage. The switching time corresponds to the time required for the
transistor to traverse from one state to the other along the load line.
Switching time is a figure of merit for digital devices and can be defined
as either "turn-on" or "turn—off" time. Increasing excess minority
carrier storage in the base occurs during turn-on, whereas those same
carriers (as well as additional carriers stored while in saturation), are
removed during turn-off as depicted Fig. 3.9. Figure 3.9 demonstrates an
npn transistor operating in the common-base configuration where the base
terminal is common to both the input voltage, Vgz, and the output voltage,
Veg. The input current pulse fs Ig. The turn-on time, r,, is the time
required for the collector current to reach 90% of its saturated value
(Vec/Ry). The storage time, r;, is the time required for the excess

minority carrier concentration at the collector edge of the base to return
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Figure 3.7 Pnp junction transistor modes of operation and associated
minority carrier concentrations [51:122].
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Figure 3.8 (a) Relationship between load line, bias point and modes of
operation and (b) corresponding digital switching circuit [51:139].
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Figure 3.9 (a) Common-base circuit configuration, (b) emitter current
pulse and (c) corresponding collector current response illustrating
transistor switching times {14:179]}.
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to zero. This is the time for the device to leave saturation and enter
the active mode as the base discharges. Once the active mode is reached,
the base continues to discharge until the device essentially enters cutoff
after time r,, the decay time.

Amplifier applications are best modeled with a small-signal or
linear equivalent circuit where the transistor is operated at a specific
bias point in the active mode. The linear equivalent circuit elements are
part of the non-linear equivalent circuit, because the linear model is
operazing at a point on the non-linear curve. Note that any point on the
load line of Fig. 3.8 corresponds to a unique bias point defined by Vg,

Ic, and IB .

3.3 Physical Small-8ignal Modeling

During the derivation of the SPICE large-signal equivalent circuit,
the diodes were replaced by non-linear current sources. The value of each
current source is dependent on the junction voltage. Because the small-
signal model characterizes the transistor operating at a specific dc bias
point, each diode’s current and voltage are approximately constant. Any
device whose voltage and current are constant can be modeled with the
corresponding resistance or inverse of resistance, conductance. This
conductance is a small-signal or dynamic conductance which graphically is
equivalent to the slope of the diode's I-V curve at the bias point.
Mathematically, the conductance parameters are calculated via the partial
derivatives of current with respect to junction voltages {39]:

81, (3.27)

Reverse Base Conductance: 9 = Vv
Vylg/ = cONSL.
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(3.28)

Forward Base Conductance:

(3.29)

Output (Collector) Conductance:

a1,

. (3.30)

Transconductance: —
Both HSPICE and the HP 85150B Microwave and RF Design Systems [42]
software perform the partial differentiation to obtain the four
conductance parameters. An ac analysis in HSPICE provides g,., l/g,, and
1/g, given the model parameters of Table 3-1, and the dc operating point.
Most small-signal applications operate in the active region, where the
base-collector junction is reverse-biased. Under reverse-bias the
impedance of C, is much smaller than r,, therefore HSPICE considers r,
negligible. Although the hybrid-n small-signal circuit is electrically
valid for all modes of operation, the HSPICE assumption on r, limits
simulations to the active mode. Recall from Fig. 1.8 that C, is the dc
model’s Cpc at a specific bias point, and that C, is Cp; at a specific bias
point. The hybrid-n small signal circuit is shown in Fig. 3.10.
Impedance can be thought of as a frequency dependent resistance.
The impedance of a capacitor is (wC)”!, where w is radian frequency and C
is the wvalue of the voltage dependent capacitance. Similarly, the
impedance of an inductor is wL, where L is the value of the current

dependent inductance. Obviously, operating at dc, capacitors are open

circuits and inductors are short circuits. The impedance of an inductor
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increases linearly with increasing frequency and the impedance of a
capacitor decreases non-linearly with increasing frequency.

At low frequencies, (f < 1 MHz), small-valued capacitors (~10 £fF)
and inductors (~10 pH) may still be considered open and short circuits,
respectively. However, at microwave frequencies, (f =2 1 GHz), those same
capacitors and inductors become parasitic and degrade transistor
performance. Thus, the microwave small-signal circuit is not only a
linearized version of the large~signal circuit, but must include
parasitics as well. The linearized dc model is referred to as the
intrinsic device. The transistor including the surrounding network of
parasitic inductances and capacitances is referred to as the extrinsic

device.

3.4 S8-Parameters

The measurements used to characterize a microwave network are S-
parameters. Each S-parameter is an element of an . x i matrix where i is
the number of network ports. For a single transistor in a common-emitter

configuration there are two ports, so the S—parameter matrix is given by

[54:221]
il . [sn Su] 2% (3.31)
7Y T
.-
Sij= -‘_,I_. (3.32)
3 V' =0 for kej

where V;* is a voltage waveform incident to port j, and V;” is the voltage
waveform reflected from port i due to the driving signal at port j. An S-
parameter signal flow graph is shown in Fig. 3.11. The condition in

Eq. (3.32) states that only one port may be driven at a time; all other
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Figure 3.10 The hybrid-r small-signal equivalent circuit.
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Figure 3.11 Two-port S-parameter flow graph [54:221]
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incident signals are set to zero. This condition is satisfied simply by
impedance matching. Matching a port to its characteristic impedance
eliminates all reflections back on that port in the form of incident
waves. Equation (3.33) defines the reflection coefficient of a
transmission line in terms of its characteristic (Z,) and load (2p)

impedances.

r=2%"2% (3.33)
2.+ 2,

When the load is matched (Z; = Z,), I' = 0 independent of the length of the
line and the frequency of operation. The accuracy and ease of impedance
matching makes S—parameter measurements ideal for characterizing microwave
devices over wide frequency ranges. The definitions of each of the four

two—-port S—-parameters are given below [55:278]:

Sy = the input reflection coefficient with the output matched to
2,,
Sy = the reverse transmission or feedback coefficient with the

input matched to Z2,,

Sy = the forward transmission (gain or loss) coefficient with the
output matched to Z,,

Sy; = the output reflection coefficient with the input matched to

o
Because S-parameters are complex, they can be expressed in either
rectangular (a+jb) or polar (|M|-¢) format. Typically, for graphical
analysis, the reflection coefficients S;; and S, are plotted on a Smith
Chart, while the gains S;; and S,; are plotted on a polar graph.

As mentioned in the literature review, several authors have fit
measured S—parameters to either the hybrid-n or T-model topology to
determine the equivalent circuit element values. To perform such a fit,

one needs to have an idea of what parasitics are physically significant.

56




Parameter extraction via curve-fitting, if the solution converges, will
always determine element values which will produce the measured S-
parameters. However, obtaining a physics-based small-signal model should
be possible by estimating parasitic element values from cthe device

materials, geometry, and fabrication process.
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4. Methodology

The initial objective of this thesis effort was to develop a large-
signal model of an HBT that would accurately predict the device's
performance over its range of operation. As previously stated, this model
is a physical model whose parameters are directly related to the device
material, geometry, and fabrication process. Furthermore, this model was
implemented in the readily available SPICE package. The obvious merits of
such a model are its physical nature, its ease of use and straightforward
derivation.

Given the large-signal equivalent circuit topology of Fig. 3.6, the
first step was to calculate physics~based values for each of the
corresponding model parameters of Table 3.1. Physical constants and
equations that provided accurate values for each of the SPICE model
parameters were researched. Knowledge of the device geometry was obtained
from portions of the mask layout. Knowledge of the process was obtained
from the wafer doping profile as well as through discussions with WL/ELRD.
A detailed methodology on each area: material, geometry, and fabrication

process follows.

4.1 Knowledge of Device Material

Throughout the model derivation several general constants were used
which are shown in Table 4-1. Note again that the model does not comsider
thermal effects as T is constant at 300 K. The devices modeled were
fabricated with an Al,Ga; ,As wide-gap emitter, a GaAs base and a GaAs
collector. X is a variable which represents the mole fraction of aluminum

within the ternary III-V compound, Al,Ga;-,As. The compound is a direct-
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Table 4-1

General Constants Used in Calculations

m
Parameter Units Description
k - 8.61738 x 1073 eV.K? Boltzmann's constant
q - 1.602 x 10718 o Electron Charge
€, = 8.854 x 10714 F-cm™? Permittivity in vacuum
Bo = &4m x 107° H-cm™? Permeability in vacuum
m, = 9.1095 x 1073 Kg Electron rest mass
T = 300 K Absolute temperature
L

bandgap semiconductor in the range 0 < x < 0.45. Consequently, HBTs are
fabricated with x < 0.45 to avoid the phonon interaction associated with
carrier generation-recombination in indirect-bandgap semiconductors. A
typical value of x is 0.30; the value of x for each of the devices modeled
is 0.35. The most significant effect of the Al is increasing the bandgap
energy. Both the Al,Ga;..As bandgap energy and permittivity are linear
functions of x.

Because the Gaas base is so heavily doped, bandgap narrowing becomes
significant. For example, at N, = 1 x 10'® the narrowing is only 3.5 meV,
while at N, = 5 x 10!° the narrowing is 59 meV, which represents a 4.1%
reduction in the GaAs intrinsic bandgap of 1.424 eV. As a result of this
narrowing, the intrinsic carrier concentration in the base increases by a
factor of three.

There are two other materials which play an important role in the
model derivation: gold and polyimide. Gold is the metal used for the
contacts and interconnects. Polyimide is the dielectric used to separate

layers of metal on the wafer since GaAs does not have a stable native
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oxide as does Si. Table 4.2 summarizes the material parameters and
related expressions.

Another material parameter critical to model derivation is minority
carrier mobility. Mobility is simply a proportionality constant relating
carrier velocity to electric field. Physically, mobility is related to
the mean time between collisions for a carrier, and is therefore affected
by lattice and impurity scattering mechanisms [51]. Empirical expressions
for electron and hole mobility in GaAs have been determined in the
literature [53,56,57]. The fit for both carriers has the form of a

Caughey-Thomas equation given by [58]:

p = I‘ux‘”-.ln,“m

! r L]
( )
Nf.f

where pg,, and py;, are maximum and minimum values of mobility for each type

(4.1)

of carrier; N, and a are curve-fit constants. Table 4-3 lists mobility
parameter values for both electrons and holes in GaAs. Given an impurity
density of N, the mobility of electrons in p-type GaAs is assumed the same
as the mobility of electrons in n—type GaAs [56].

Diffusivity is a material parameter that is a function of mobility

and the Fermi-Dirac integrals [14:29]:

(4.2)

1l

2 3
kT n 3 n -« n
D, #n(—q 1+0-35355(—N—)—9.9x10 3(3’-) +4.45x10‘(7v-)

c (o c

[ 2 3
D, = u, H) 1+o.35355(7v‘l)-9.9x10’3(-1§) +4.45x10"(-ﬁ2)} (4.3)

q v v v

where n and p are the electron and hole concentrations (ecm™3);

Nc is the effective density of states in the conduction band (cm™3);
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Material Parameters and Expressions Used in Calculations

Table 4-

2(a)

e S e
Expression Units Description
Bandgap energy of intrinmsic
Essm - 1.424 eV GaAs
- Conduction band density of
- 17 3
Neg = 4.7 x 10 cm states in the GaAs base [14]
Valence band density of states
- 18 -3 y
Nyp = 7.0 x 10 @ | in the GaAs base [14]
New = 2.5 x 1019. Conduction band density of
cE (0.067 + 0.083x)%/2 cm™® | states in the AlGaAs emitter
) ’ for 0 < x < 0.45 [48]
Valence band density of states
- 19,
Nez (20 54: _3"00 31x)¥/2 cm™ | in the AlGaAs emitter for
) ’ 0 < x < 0.45 [48)
- Intrinsic carrier concentration
niGMs - 1.79 X 105 cm 3 Of GaAS
- Bandgap narrowing in the GaAs
- 8 1/3 g4p narroving
AE,z = 1.6 x 107°(Ng) eV base [56]
12 Intrinsic carrier concentration
AE in the GaAs base as a function
o= N g8
fis nlm,exp[ kT) cm™3 | of doping [56]
- A Bandgap energy of the AlGaAs
Egp = Eggans + 1.247x ev emitter for 0 < x < 0.45 [59]
Egp = Egcans — OEgp eV Bandgap energy of the GaAs base
Bandgap difference between the
AE = Egp — Egp eV emitter and base at the abrupt
emitter-base heterojunction
Difference in conduction band
Afc = 0.797x ev energy between emitter and base
2 Intrinsic carrier concentration
ngp = nj,exp(-—}:—s‘:) in the AlGaAs emitter [24]
-3
cm
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Expression

Table 4-2(b)

Material Parameters and Expres

sions Used in Calculations

Description

€cans = 13.18

Relative permittivity of GaAs

€alGaAs ™ €Gaas — 3-12x

Relative permittivity of the
AlGaAs emitter for 0 < x < 0.45
[59]

€g ™ €AlGaAs€o

F-cm™?

Permittivity of the emitter

€3 = €Gaas€o

F-cm™?

Permittivity of the base

€p = 3.5¢,

F-cm™!

Permittivity of polyimide

Vear = 1 x 107

cm-s™?

Electron saturation velocity in
GaAs at 300 K

Pas = 2.64 x 1078

G-cm

Resistivity of gold
metallization at 10 GHz [60]

S, = 1 x 108

cm-s™!

Surface recombination velocity
for AlGaAs [32]

L, = 1 x 1073

cm

Surface diffusion length for
AlGaAs

e ———

— . _________ |

Table 4-3

Mobility Parameter Values for GaAs [53,56]

Parameter Units

Electrons Holes

bmax cm?.v1l.g71

8000 400

Bmin cm?.yi.g7t

943 40

Niot cm™?

2.84 x 1016 2.5 x 10%7

a —_—

0.753 0.417
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Ny is the effective density of states in the valence band (cm™3).
The factor in brackets is the first four terms of the Fermi~Dirac integral
expansion. For nondegenerate semiconductors, the carrier concentration is
typically much less than the corresponding density of states. In this
case, the term in the brackets is essentially unity and the resulting
expression for diffusivity as a function of mobility is called the
Einstein relationship. Note that diffusivity has the units of cmé s, so
q may be omitted if k has the units eV:K™! as in Table 4-1. As seen in
Eqs. (3.2)-(3.4), diffusivity is needed to calculate saturation currents
and diffusion lengths.

Mobility can also be u;ed to calculate the resistivity, p (Q-cm), of

a semiconductor [51:36]:

= 1 (4.64)
Pn gNpp,

= 1 (4.5)
pp qNA I“p

Currently, very little is known about mobility in Al,Ga;.,As, which
is a function of not only the impurity concentration but also of x.
However, since no empirical curve—fit expressions could be foun<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>